
 
 

Cell-Specific Effects of Ethanol on  
Nitric Oxide Synthase Induced by  
Inflammatory Mediators 

 
 

Abstract 
To examine the pro- and anti-oxidant properties of nitric oxide (NO) production in alcoholic liver 
disease, we compared the effects of ethanol pretreatment (24 hrs, 100 mM concentration in a 
dedicated CO2 incubator) on the induction of inducible NO synthase and its activity in a cell culture 
system. We employed two types of liver cells as models for the intact liver parenchyma: the rat 
hepatoma cell FTO2B and rat hepatocytes in primary culture. Cells were incubated with a combi-
nation of cytokines (IFN-γ, TNF-α, IL-β) and LPS in the presence or absence of (85 - 93 mM) ethanol 
in the culture media. At series of time intervals, production of nitric oxide was measured as the 
accumulation of nitrite and nitrate, using Griess assay. The results revealed that 1) total NO for-
mation was attenuated by ethanol in hepatocytes (ca. 50%) but augmented in FTO2B cells (ca. 
37%) and 2) both pretreatment and co-treatment with ethanol were necessary for maximal etha-
nol effect. These results indicate that the effects of ethanol on inflammatory processes, such as 
induction of NO synthesis, are cell-type specific. 
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1. Introduction 
Excessive alcohol use is associated with significant increase in short-term risks to health and safety, and the risk 
increases as the amount of drinking increases [1]. Center for Disease Control (CDC) also estimated that 17% of 
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men and 8% of women would be addicted to alcohol at some point in their life. Excessive use of alcohol in-
creases the risk of cancer of mouth, esophagus, throat, liver, and colon in men. It also increases the incidence of 
infertility and delay in the development of secondary characters in men by interfering with male sex hormones. 
Alcohol is also the 3rd leading life-style related cause of death in the United States [1]. Long term use of alcohol 
has been known to cause illness and death from the liver disease [2]-[4]. The liver plays important roles in the 
metabolic and immune responses during sepsis [5] [6]. Both acute and chronic ethanol has been shown to be 
capable of causing immunomodulation. One important component of the immune response is the production of 
small reactive oxygen species, such as superoxide (O2), hydrogen peroxide (H2O2), and nitric oxide (NO) [7]. 
While the partially reduced oxygen species O2 and H2O2 possess pro-oxidant properties, NO can have either pro- 
or anti-oxidant actions [8]. The factors which determine whether NO in a particular setting is pro- versus an-
ti-oxidant are largely unknown, but it is known that NO can exert powerful effects in vivo under conditions of 
oxidative stress. In addition, many of the cellular actions of ethanol may be as a result of oxidative stress. 
Chronic ingestion of alcohol generates free radicals that are injurious to the body. Alcohol promotes the genera-
tion of reactive oxygen species (ROS) through many processes and these are injurious to different cells in the 
body [9] [10]. Both acute and chronic exposure to alcohol can lead to peroxidation of proteins, lipids and DNA. 
Through various pathways alcohol can lead to development of alcoholic liver disease and damage to many other 
tissues in the body. Increasing oxidative stress by alcohol can activate the c-Jun N-terminal kinase/mitogen-ac- 
tivated protein kinase (JNK/MAP) signaling pathway, and JNK might be a target for the prevention of alco-
hol-induced steatosis [10]. Alcohol affects the immune system by altering the production of signaling cytokines 
which in turn activates an array of biochemical processes. Alcohol stimulates cytochrome P450 2E1 (CYP2E1) 
which metabolizes alcohol and many other substances to produce more ROS [11]. ROS are toxic to cells be-
cause they can react with macromolecules like proteins, lipids, and DNA. Chronic alcohol use has been shown 
to increase iron absorption from food [10]. It has been shown that adding iron to alcohol containing diet in-
creases liver injury in animals while adding agents that capture the free radicals can prevent or ameliorate the 
toxic effects of alcohol on the liver [11] [12]. Nitric oxide is a major immune effector with both pro-inflamma- 
tory and anti-inflammatory actions. It is produced by a variety of cell types, plays diverse roles as an immuno-
modulator, neurotransmitter, and vasodilator. NO can take part in a variety of biologically important reactions, 
which are mediated through oxygen species and transition metals. The cellular targets of NO reaction include 
iron-containing proteins and complexes, low and high molecular weight thiols, amine-containing targets such as 
nucleic acids, phenolic groups such as tyrosine, and cellular radicals. NO plays many different roles in depend-
ing on the conditions and levels of its production. Abnormal NO production has been linked to a number of 
clinically important conditions. In this study we have compared the effect of ethanol in nitric oxide production 
in two cell types, rat primary hepatocytes and rat hepatoma cell line, FTO2B.  

2. Materials and Methods 
2.1. Isolation, Cell Culture, and Treatment of Hepatocytes 
Hepatocytes were isolated from male Sprague Dawley rats (175 - 250 g) using a modification of in situ collage-
nase perfusion technique [13]. Immediate viability was assessed using trypan blue and long term viability from 
LDH leakage into the medium [12]. The cells thus obtained were purified further by percoll gradient centrifuga-
tion to remove nonparenchymal cells. The cells were cultured overnight at 37˚C in an atmosphere of 5% CO2 
95% air in Williams E medium containing 1 U/ml insulin, 2 mM glutamine, 105 UI penicillin, 100 mg/l strep-
tomycin, and 10% low endotoxin fetal calf serum in 12-well plates at a density of 200,000 cells per well. The 
cultures were incubated in Williams medium E (with serum) with additions indicated in the text. 

2.2. FTO2B Cells 

The rat hepatoma cell line FTO2B was grown at 37˚C in a 5% CO2 atmosphere in Dulbecco’s modified Eagle’s 
medium/Ham’s F12 medium (1:1) supplemented with 10% nonheat-inactivated bovine calf serum, 2 mM gluta-
mine, 50 U/ml penicillin-streptomycin, and 0.2% sodium bicarbonate. FTO2B cells (2 × 105/ml) were plated in 
12-well plates and allowed to adhere overnight before an experiment. Cells were used for experiments only 
when they were 90% confluent or more. 
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2.3. Treatment 
The effect of ethanol pretreatment (100 mM concentration for 24 hrs in a dedicated CO2 incubator) on the in-
duction of inducible NO synthase and its activity were studied on two types of liver cells, namely: the rat hepa-
toma cell FTO2B and primary rat hepatocytes. The cells were incubated with a combination of inflammatory 
mediators to induce NO synthase: IFN-γ, TNF-α, IL-β, and LPS. This combination has previously been shown to 
induce maximal expression and activity of iNOS in isolated rat and human hepatocytes, and the amounts of NO 
produced by human hepatocytes are the highest for any human cell reported. The amounts of the inflammatory 
mediators used were as follows: Rat IFN-γ (100 U/ml), TNF-α (500 U/ml), IL-β (100 U/ml), LPS (10 µg/ml). 
Four groups were studied: (Group 1) 24-hr culture in media followed by 24-hr treatment without inflammatory 
mediators (CTRL); (Group 2) ethanol pretreatment (24-hr incubation with 100mM ethanol) followed by 24-hr 
induction with simulation with inflammatory mediators in media in the absence of ethanol (E/M); (Group 3) 
24-hr culture in media without ethanol followed by 24-hr with ethanol present along with inflammatory media-
tors (M/E), and (Group 4) ethanol present during the pretreatment as well as during treatment with inflammatory 
mediators (E/E). Production of nitric oxide was measured as the accumulation of nitrite and nitrate, using the 
Griess assay. In a separate experiment, the cells were treated with NG-monomethyl-L-arginine (NMA), competi-
tive NOS inhibitor, during stimulation with inflammatory agents. At the end of incubation period, both nitrite 
and nitrate were measured. This was accomplished by using the Greiss method for colorimetrically determining 
the amount of nitrite in the medium. A second measurement, after the medium had been treated with E. coli ni-
trate reductase to quantitatively convert nitrate to nitrite, yielded the total nitrite plus nitrate (NOX). The differ-
ence between these measurements yielded the amount of nitrate. 

3. Statistical Analysis 
All the results are expressed as means ± SEM values. The Turkey t-test was applied to data from the FTO2B 
cells and hepatocytes. Values were considered significant at P ˂ 0.05. 

4. Results 
4.1. NO Formation in Primary Hepatocytes  
The results of this study are shown on Figures 1-5 below. Cells cultured with or without ethanol produced  
 

 
Figure 1. Effect of ethanol on graded doses of inflammatory mixture (5% to 10% of cy-
tokine mix + LPS). Nitrite plus nitrate (NOX) produced by hepatocytes. The bars indicate 
mean ± SEM values of 7 to 10 experiments. 
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Figure 2. Ethanol decreases nitric oxide production by hepatocytes. CTRL = 
Hepatocyte control cultured without inflammatory mixture (Cyt.); +Cyt. = 
24-hr culture followed by 24-hr stimulation with inflammatory mixture; 
+EtOH = 24-hr culture in 100 mM EtOH alone; EtOH Pre = 24-hr pretreat-
ment with 100 mM EtOH followed by 24-hr stimulation with inflammatory 
mixture in the presence of EtOH; No Pre = 24-hr culture in media followed 
by 24-hr stimulation with inflammatory mixture in EtOH. 

 

 
Figure 3. Nitric oxide production by FTO2B cells with or without ethanol. 
Inhibition of NO production was observed when the hepatocytes were 
treated with NG-monomethyl-L-arginine (NMA) during stimulation. EtOH 
+ Sample = EtOH + FTO2B; Cytokine = Cytokine + FTO2B; Cyt. + NMA = 
Cytokine + NMA; NMA = FTO2B + NMA only. 

 
little or no amount of NO without inflammatory mediators. However, when cells were stimulated with inflam-
matory mediators, they produced a significant amount of NO (Figure 1). NO production was reduced in hepa-
tocytes pretreated or cotreated with ethanol. However, ethanol inhibition of NO production was more observed 
when hepatocytes were pretreated and incubated with ethanol (EE) than without pretreatment (ME). Effect of 
ethanol on NO production was observed with graded doses of inflammatory mixture (Figure 2). Using 10% of 
the mixture produced 50% inhibition of NO production in the presence of ethanol. Inhibition of NO production 
was observed when hepatocytes were treated with NG-monomethyl-L-arginine (NMA) during stimulation 
(Figure 3) indicating the source of NO that was produced. NO formation is inhibited in primary rat hepatocytes 
with ethanol pretreatment (Figure 4). 

CTRL        +Cyt.      +EtOH EtOH Pre      No Pre

50

40

30

20

10

0

C
on

ce
nt

ra
tio

n 
in

 m
ic

ro
m

ol
ar

Treatment with EtOH/EtOH + cytokine + LPS

EtOH + Sample            Cytokine                 Cyt. + NMA             NMA

60

50

40

30

20

10

0

C
on

ce
nt

ra
tio

n 
in

 m
ic

ro
m

ol
es

Treatment

UNDER PEER REVIEW



 

 
1206 

 
Figure 4. Effect of EtOH pretreatment/co-treatment on NO formation 
by Cytokine-LPS-stimulated hepatocytes. M/M 10 = 24-hr culture in 
media followed by 24-hr treatment with inflammatory mediators; E/E 10 
= ethanol present during the pretreatment as well as during treatment 
with inflammatory mediators; M/E 10 = 24-hr culture in media with-
out ethanol followed by 24-hr with ethanol present along with in-
flammatory mediators; E/M 10 = ethanol pretreatment (24-hr incuba-
tion with 100mM ethanol) followed by 24-hr induction with simula-
tion with inflammatory mediators in media in the absence of ethanol. 

 

 
Figure 5. Effect of EtOH pretreatment/co-treatment on NO formation 
by Cytokine-LPS stimulated FTO2B cells. M/M 10 = 24-hr culture in 
media followed by 24-hr treatment with inflammatory mediators; E/E 10 
= ethanol present during the pretreatment as well as during treatment 
with inflammatory mediators; M/E 10 = 24-hr culture in media with-
out ethanol followed by 24-hr with ethanol present along with in-
flammatory mediators; E/M 10 = ethanol pretreatment (24-hr incuba-
tion with 10mM ethanol) followed by 24-hr induction with simulation 
with inflammatory mediators in media in the absence of ethanol. NOX 
represents nitrite plus nitrate. 

4.2. NO Formation in FTO2B Cells 
Ethanol pretreatment or co-treatment potentiated NO formation in FTO2B cells (Figure 5). Without stimulation 
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of FTO2B cells with inflammatory mediators, there was little or no production of NO. In both ethanol treated 
and nonethanol treated samples, the amount of nitrite produced was more than the nitrate. The highest amount of 
NO, 105 µM was produced when ethanol was used as pretreatment and co-treatment at the same time (E/E), 
whereas stimulating FTO2B cells without ethanol (M/M) produced 53 µM of NO, about 50% enhancement. 
Stimulating the cells with inflammatory mixture in the presence of ethanol (without EtOH pretreatment, M/E) 
yielded 80 µM of NO, and stimulating the cells after 24 hrs pretreatment with EtOH (E/M) produced 60 µM of 
NO indicating that the presence of EtOH at the time of stimulation with inflammatory mixtures enhances more 
NO production. This disparity was observable when 5% of inflammatory mix was used.  

5. Discussion 
The immunomodulatory effect of alcohol is known. Some clinical and experimental evidence suggest that alco-
holism predisposes to infection and increases its severity [5]. Ethanol effect was observed with EtOH pretreat-
ment where the cells were initially treated with EtOH for 24 hrs and then stimulated with inflammatory media-
tors in 100 mM EtOH for another 24 hrs. NO formation was inhibited in primary rat hepatocytes with ethanol 
pretreatment. Co-treatment with EtOH did not produce significant effect even though diminution in amount of 
NO produced was observed. This might be suggestive of the fact that deleterious effect of ethanol is more ob-
servable during chronic ingestion than when used acutely. Inhibition of NO production was observed when the 
hepatocytes were treated with NG-monomethyl-L-arginine (NMA) during stimulation (Figure 2), demonstrating 
that NO formation was due to specific enzyme NO synthase. However, in FTO2B cells, pretreatment with EtOH 
consistently enhanced NO production during stimulation. With FTO2B cells, EtOH effect was more pronounced 
with pretreatment than with co-treatment indicating that ethanol has more effect when used chronically. It was 
also observed that more nitrite than nitrate was produced in the presence of ethanol. Chronic alcohol abuse is 
associated with damage to multiple organs, including brain, liver, pancreas, cardiovascular system, skeletal 
muscles, and the unborn fetus. Evidence suggests that chronic alcohol consumption inhibits some of the protec-
tive and proliferative responses that normally occur in hepatocytes especially those that have been exposed to 
inflammatory agents like TNF-α [2]. These workers demonstrated that chronic, but not acute, ethanol adminis-
tration increases peroxynitrite hepatotoxicity by enhancing concomitant production of nitric oxide and superox-
ide. The cumulative effects of these processes cause hepatocyte death while impairing the liver’s normally ro-
bust regenerative response, and then, serious liver damage. Generation of reactive oxygen species (ROS) is pre-
sumed to be the key causative event in oxidative injury. Some investigators also showed that Soymida februfuga 
ethanol extract can protect against ethanol induced oxidative damage in HepG2 cells [14]. The effect of NO on 
oxidative stress in the liver appears complex since both pro-oxidant and antioxidant properties have been re-
ported by various investigators. As a pro-oxidant, NO could lead to secondary formation of highly oxidizing 
molecules. NO and superoxide anion react to form a peroxynitrite anion that can be protonated rapidly to yield 
hydroxyl radical-like and nitrogen dioxide [3] [9] [15]. These studies indicate that ethanol toxicity is mediated 
by peroxynitrate and the peroxynitrite-mediated damage to isocitrate dehydrogenase (ICDH) and superoxide 
dismutase (SOD) may result in perturbation of cellular antioxidant defense systems and subsequently lead to a 
pro-oxidant condition. Inhibition of NO production has been reported to result in enhanced formation of supe-
roxide anion in the perfused liver [3]. Some investigators have shown that NO plays a double role in the liver: 
NO biosynthesis in hepatocytes protects against ethanol-induced oxidative stress whereas NO production in ma-
crophages prevents the NO protection of hepatocytes through prostaglandin release [16]. These workers sug-
gested that clinical use of NO donors or NO synthase inhibitors in patients with inflammatory disease and mo-
nocyte/macrophage infiltration of liver, such as alcoholic hepatitis, could be ineffective and even harmful. While 
alcohol may produce deleterious effect in some organs, some beneficial effect has been demonstrated in the 
heart. Our finding shows that alcohol effect differs in various cells since it decreased NO formation in primary 
rat hepatocytes and enhanced NO production in rat hepatoma cell line, FTO2B. This indicates that ethanol may 
produce different effects which may depend on the status of the liver in individuals. Differential effect of etha-
nol has been demonstrated [17] [18]. These investigators observed that in sinusoidal endothelial cells, LPS to-
lerance increased the NO production in males and decreased it in the females. Additional ethanol treatment 
failed to influence NO production in males, but reversed the tolerance effect in female rats. Other investigators 
have demonstrated modulation of murine serum TNF and IL-6 levels by female sex hormones in endotoxemia 
[19]. The cell specificity of ethanol may have some implications in the therapy of liver diseases while beneficial 
effects of NO can be used in the therapy of other diseases [20]. More research remains to be done in this area. 
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6. Conclusion 
In conclusion, ethanol alone does not appear to have a direct effect on nitric oxide synthase. Its effect is secondary 
since it did not affect NO formation in the absence of stimulation by inflammatory mixture. Our data indicates that 
NO formation is enhanced in FTO2B cells but inhibited in primary rat hepatocytes with ethanol pretreatment.  
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